Herpesviruses establish and maintain persistent latent infection in the hosts after primary infection. Upon activation by specific host or environmental factors, the viruses reactivate, producing virions that spread to other hosts (60) . Latent infection of gammaherpesviruses is often associated with the development of malignancies, while lytic replication is a termination phase leading to cell deaths (35, 75) . The switch of viral latent infection to lytic replication is initiated with the induction of transcription transactivators of viral immediateearly genes and coordinated with cellular transcription factors (66, 75) .
Kaposi's sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus , is a gammaherpesvirus etiologically associated with Kaposi's sarcoma (KS), primary effusion lymphoma (PEL), and multicentric Castleman's disease (47) . The establishment of KSHV latent infection in the hosts could occur years before the development of KS (23, 24) . In KS lesions, KSHV maintains latency in most spindle cells (16, 18, 41, 54, 55, 69, 71, 72) , the hallmark of KS; however, it also undergoes lytic replication in a small proportion of tumor cells (9, 13, 36, 51, (68) (69) (70) 72) . Similarly, lytic replication has also been observed in a small proportion of cells in PEL and in multicentric Castleman's disease (53, 68, 74) . Although lytic replication is a termination phase for most herpesviruses, for KSHV it also produces oncogenic, angiogenic, and antiapoptotic viral products (1, 4, 10, 22, 38, 45, 62) that could potentially promote cell proliferation in tumor cells. Thus, the role of KSHV lytic replication in tumor development is controversial (43, 46) .
In KSHV-infected PEL cell lines, the majority of the cells maintain latent infection, whereas a small proportion of them also undergoes spontaneous lytic replication (44, 48, 78, 80, 83) . KSHV replication in KSHV-infected cell lines appears to closely mimic that in KS tumors. Using these cell lines, several KSHV immediate-early genes have been identified and shown to be capable of activating viral lytic replication (29, 40, 42, 73, 82) .
Defective viruses are commonly found in viral infections; many of them play pivotal roles in the development of virusesinduced diseases (3, 7, 30-32, 49, 52, 57, 65, 67, 77) . Defective viruses have been described in herpesviruses (20, 21) . Early studies have demonstrated the ability of defective herpesviruses in regulating viral infection (20, 21) , including the modulation of persistent latent infection both in vitro and in animal models, characterized by cellular proliferation and transformation (12, 15, 19, 58, 59, 63) . In the present study, we have shown that defective KSHV is present in KS tumors. In addition, we have demonstrated that cells harboring a lytic replication-defective KSHV not only maintain efficient latent replication but also have enhanced cell proliferation and transforming potentials. Our results suggest that KSHV lytic replication is not essential for promoting cell proliferation in our system and, more importantly, illustrate a potential role for defective viruses in the regulation of KSHV infection and malignant transformation.
diagnosis of KS was confirmed by histopathologic examination. DNA was extracted with phenol-chloroform, ethanol precipitated, resuspended in deionized distilled water at 100 ng/l, and stored at 4°C.
PCR-based differential genetic screening (DGS) method. Two PCR assays, one for detecting latent nuclear antigen (LNA) and one for detecting KS330, were carried out simultaneously on the same specimen. The relative amplification efficiencies of the two assays were calibrated with genomic DNA from a full-length recombinant KSHV BAC36 (81) . A specimen that has substantially lower KS330 signal is likely to have defective KSHV with deletion in KS330 locus. The primers used for the assays are listed in Table 1.   TABLE 1. KSHV primers used for PCR-DGS and mapping of KV-1 genome   Orf or region  Primer  Sequence  Product size  (bp)   K1  KS33  5Ј-CGGTTTGCTTTCGAGGACTATT-3Ј  473  KS34  5Ј-ATTTGACAGGCGAGACGACAG-3Ј  Orf4  KS11  5Ј-TAACATCCATGAAAGCGAAAGGTA-3Ј  523  KS12  5Ј-GTTAGGGCGACAGCGGTTAGTAGT-3Ј  K2  KS23  5Ј-AATGCTTCCGCGACCTCTG-3Ј  430  KS24  5Ј-AAAACACGCACCGCTTGACC-3Ј  K6  MIP-1F  5Ј-GGTAGATAAATCCCCCCCCTTTG-3Ј  490  MIP-1R  5Ј-AGCATATAAGGAACTCGGCGTTAC-3Ј  Orf16  KS13  5Ј-CCTGTGGATTAAACGAACCTGAGT-3Ј  434  KS14  5Ј-CAATAATGCAATGCTTCCCAATAG- Orf29a  KS15  5Ј-AAAGCCGCGCCTATTGG-3Ј  410  KS16  5Ј-TCTTTCCGTGTCTCCTTGGTATTA-3Ј  Orf41  KS17  5Ј-TCACATCACCGGACCAGACACT-3Ј  213  KS18  5Ј-GATAGGGGGATGAGCCAGAATGAT-3Ј  Orf50  KS19  5Ј-GGCCACCGGTAGTTCACAGACG-3Ј  506  KS20  5Ј-GTCGCCTCTGCCGCCGTAGC-3Ј  Orf54  KS27  5Ј-AACGACGCCGGATTTGACG-3Ј  401  KS28  5Ј-TGGGTATGTTTTCGGACGCTATTT-3Ј  Orf56  KS29  5Ј-TAGACCAGATCAGGGGCAAACTCA-3Ј  586  KS30  5Ј-TGGTCGCCTGGAAATATCACACTT-3Ј  Orf57  Orf57F  5Ј-CAGGGGGCAAAGACGACGAACTC-3Ј  482  Orf57R  5Ј-GCGACTCTGCATGCCTGGGATAG-3Ј  K9, vIRF  KS25  5Ј-TGGAGCCGGACACGACAACTAAGA-3Ј  688  KS26  5Ј-GGCCCGGAGACCCCACTGC-3Ј  Orf60  KS47  5Ј-CCGCCTTGGCCTGGATAAACC-3Ј  578  KS48  5Ј-GCTCAGCGATGCCGACAAGGACT-3Ј  Orf65  KS43  5Ј-GACGCCGCGGAAACTCG-3Ј  206  KS44  5Ј-GTGGCTCGCATGAATACCC-3Ј  K12  KS45  5Ј-ATGCCCTCGATACGCCTGCTCTTC-3Ј  333  KS46  5Ј-TGCCCTCCTCCCTCCTCACTCC-3Ј  K13  KS55  5Ј-AAAAACGCGGGTCTAAGTGAAGC-3Ј  193  KS56  5Ј-ACGGATGACAGGGAAGTGGTATTG-3Ј  Orf72  KS53  5Ј-GTCGATAATAGAGGCGGGCAATGA-3Ј  507  KS54  5Ј-CCGCGCTTTTTAACTTCTGACTCT-3Ј  Orf73, LNA  Orf73IF  5Ј-GTAGGAAACGAAACAGGT-3Ј  821  Orf73IR  5Ј-ATTCTTGGATGCTTCTTCT-3Ј  K14  K14F  5Ј-GGGCGCCGCGTAGTGGAG-3Ј  323  K14R  5Ј-GCGCAGGTGAGGGCAGCAGAG-3Ј  Orf74  KS21  5Ј-GCGGGCAGGAGCGATAGATA-3Ј  361  KS22  5Ј-ATAACACATGGCCTGCTTGCTGAC-3Ј  Orf75  KS31  5Ј-AACGTGGCCAGGTACTTTGTGATA-3Ј  508  KS32  5Ј-TGTCGCGATAGAGGTTAGGGTAGG-3Ј  RHS  K15F  5Ј-TTATAATGTGGAAAGTGCTACCT-3Ј  271  K15R  5Ј-ACAAACTTTAACAACCGAACTACT-3Ј  RHS-TR  KS49  5Ј-GCACATAACAAGCAAAGAAGC-3Ј  416  KS50  5Ј-GCGGGGGCGGGGACCAG-3Ј  TR  KS58  5Ј-CGGGGCGCGGGGTGTTC-3Ј  102  KS59  5Ј-TGCGAGGAGTCTGGGCTGTCTTGT-3Ј  TR-vIRF  KS59  5Ј-TGCGAGGAGTCTGGGCTGTCTTGT-3Ј  2,164  KS60  5Ј-ACATTTCTGGTGGGGTTGG-3Ј  Junction  KS59  5Ј-TGCGAGGAGTCTGGGCTGTCTTGT-3Ј  271  J604  5Ј-GCCGGGCGACGAAGATAGCAC-3Ј   VOL. 78, 2004  REPLICATION-DEFECTIVE KSHV IN INFECTION  11109 DNA hybridization. Dot blot and Southern blot hybridizations were performed essentially as previously described (25) . For dot blot hybridization, DNA loading was calibrated by hybridization with a ␤-actin probe.
Detection of HHVs. PCR assays for different HHVs, including herpes simplex virus type 1 (79), herpes simplex virus type 2 (79), varicella-zoster virus (64), cytomegalovirus (17) , Epstein-Barr virus (39), HHV-6 (79), and HHV-7 (8) were performed as previously described. The primers used are listed in Table 2 .
KVNAtyping. KVNAtyping was performed as previously described (25) . KV-1 genomic mapping. Genomic mapping was carried out by PCR assays and genomic library screening. All KSHV primers were designed from BC-1 KSHV sequences except RHS sequence primers, which were from BCBL-R KSHV sequences (50, 61) . The sequences of all PCR primers and the sizes of their products are listed in Table 1 . A cosmid library was constructed from C29 DNA by using SuperCos 1 cosmid vector according to the instructions of the manufacturer (Statagene, La Jolla, Calif.) and screened as previously described (61) . The inserts were excised with EcoRI and mapped to confirm the organization of KSHV genes.
Detection of KV-1 virions. PD-1 and C10 cultures were treated with tetradecanoyl phorbol acetate (TPA) at 20 ng/ml for 4 days to induce lytic replication. Virions were isolated as previously described (76) , treated with pronase to destroy any viral capsids, and then treated with DNase to destroy any physically associated DNA (56) before being incubated with DNA extraction solution containing 1% sodium dodecyl sulfate and 200 g of proteinase K/ml in 20 mM Tris (pH 7.8) buffer. The virion DNA was then purified by phenol-chloroform extraction and analyzed with major capsid protein (MCP)-PCR and junction-PCR assays.
KSHV latent and lytic protein expression. Immunofluorescence assay was performed as previously described (26) . The percentage of positive cells was calculated from the number of positive cells versus total cells (range, 48 to 238) counted in randomly selected ϫ40 microscope fields. LNA protein was detected with a rat monoclonal antibody (ABI, Maryland, Md.) and revealed with a rabbit anti-rat immunoglobulin-fluorescein isothiocyanate conjugate (Sigma, St. Louis, Mo.). Minor capsid protein (mCP) was detected with a mouse monoclonal antibody (26) and revealed with a rabbit anti-mouse immunoglobulin-fluorescein isothiocyanate conjugate (Sigma). Cells were counterstained with Evan's blue solution. All of the cells were stained red, whereas those reacted with specific antibodies fluoresced green.
Apoptosis and cell cycle analysis. DNA strand breaks and DNA content was determined by TdT assay and propidium iodide staining, respectively, as previously described (27) . For DNA strand break analysis, HL60 cells treated with 0.15 M camptothecin for 4 h were used as positive controls, while untreated HL60 cells were used as negative controls.
Cell proliferation and transformation assays. Cell proliferation rate was determined by using a cell proliferation assay kit according to the instructions of the manufacturer (Promega Corp., Madison, Wis.). Soft agar assay was performed as previously described (22) . The results of colony-forming efficiencies are the averages of three replicates, with standard deviations from one representative experiment.
RESULTS
Defective KSHV is present in KS tumors. To detect defective KSHV, we developed a PCR-based DGS method (PCR-DGS) in which two PCR assays for detecting sequences of different KSHV genes are simultaneously carried out on the same specimen. Since all genes have one copy in each KSHV genome, similar levels of signals in both assays should be observed after calibration of amplification efficiencies if only fulllength KSHV genome is present. In contrast, if the specimen harbors a dominant defective genome with deletion in one of the two genes, we expect to observe differential signals with absent or weak signal from the affected gene. In the present study, we have chosen LNA (open reading frame 73 [Orf73]) as the target sequence for the first PCR assay because LNA is an essential latent gene for KSHV episomal persistence, serving as a stable marker for KSHV genomes. We designed a second PCR assay for KS330 (Orf26), which is the most commonly used locus for diagnostic detection of KSHV. As expected, all 18 KS tumors examined had similar LNA signals ( Fig. 1 ). Most tumors also had similar levels of KS330 signals. However, differential signals were detected in three tumors: tumors 3 and 17 had negative KS330 signals, and tumor 14 had substantially lower KS330 signal. These results indicated that defective KSHV with deletions in KS330 locus were present in these tumors.
Isolation of a defective KSHV, KV-1. Further virologic and phenotypic characterizations of the defective KSHV detected 
a HSV-1 and -2, herpes simplex virus types 1 and 2; VZV, varicella-zoster virus; EBV, Epstein-Barr virus; CMV, cytomegalovirus; HHV-6 and -7, human herpesvirus types 6 and 7.
by PCR-DSG were not possible because of the limited amount of the paraffin-embedded specimens. Isolation of cell lines harboring defective KSHV would be ideal for such characterizations. Although isolation of stable KSHV-positive cell cultures from KS tumors remains elusive (37), cell lines established from patients with PEL are extensively used to study KSHV replication (2, 14, 24, 25, 56) . For that reason, we used PCR-DGS to examine cultures of five KSHV-infected cell lines (BC-1, BC-2, BC-3, BCP-1, and BCBL-1). Initial screening yielded ambiguous evidence of defective KSHV in these cultures (data not shown). However, the PCR-DGS could fail to detect defective KSHV if it is only present in a subset of cells that harbor high copies of KSHV genomes (20 to 100 copies/ cell). Therefore, we turned to dot blot hybridization-based DGS with probes designed from LNA and three other KSHV loci/genes: KS330, MCP (Orf25), and vIRF (Orf-K9). Substantial differences in hybridization signals were detected in one of the cultures, PD-1, derived from BCBL-1 cell line after 8 months of standard tissue culture ( Fig. 2A) . When initially isolated, PD-1 displayed a higher cell proliferation rate than its parental cell line (see below section) and continued to increase over time for approximately two additional months before it stabilized at a high rate thereafter. The resulting stable culture was named PD-2. Although strong LNA and vIRF signals were detected in PD-1 and PD-2 cultures, KS330 and MCP signals were much lower in PD-1 cells (2.87% [P ϭ 0.0001] and 3.76% [P ϭ 0.010], respectively) than in BCBL-1 cells (100%) and were 0 in PD-2 cells (P ϭ 0.00007 and 0.009, respectively) ( Fig.  2A) . The relative ratios of KS330/LNA and KS330/vIRF signals dropped from 1 in BCBL-1 cells to 0.0678 and 0.0693 in PD-1 cells and to 0 in PD-2 cells. Interestingly, compared to BCBL-1 cells (100%), LNA signals were detected at a reduced level in PD-1 (42.3% Ϯ 4.83%; P ϭ 0.014) and PD-2 (32.63% Ϯ 5.26%; P ϭ 0.020) ( Fig. 2A) cells. Similar results were obtained with vIRF probe (41.43% Ϯ 1.89% [P ϭ 0.00001] for PD-1 and 30.30% Ϯ 1.08% [P ϭ 0.0005] for PD-2), indicating that there were fewer KSHV genomes per cell in both cultures than in BCBL-1 culture. Southern blot hybridization assay confirmed the low (0.64% of BCBL-1 cells) and zero KS330 signals in PD-1 and PD-2 cells, respectively (Fig. 2B ). Similar to LNA and vIRF, KS631 (Orf75) probe signals from PD-1 and PD-2 cells were 32 and 28% of those found for BCBL-1 cells. To further confirm that PD-2 was negative for the KS330 and MCP loci, we performed more-sensitive PCR assays (Fig. 2C) . Indeed, PD-2 cells were negative in the KS330-and Orf25-27-PCR assays, whereas both BCBL-1 and PD-1 cells were positive. All cultures had strong signals in an LNA-PCR assay. Together, these results indicated that a defective KSHV with genomic deletions, including KS330 and MCP loci, were present in PD-1 and PD-2 cultures and was named as KV-1. KV-1 was apparently more aggressive and replaced the regular KSHV in PD-1 culture. The PD-2 culture was subsequently cultured for an additional 4 months (for a total of 14 months) to establish a stable cell line. Although KS330 and MCP signals remained undetectable in PD-2 culture by either hybridization or PCR assays after this period, LNA and vIRF signals remained constant, suggesting the stability and efficient latent replication of KV-1 in PD-2 cells.
To exclude the presence of other herpesviruses, specific PCR assays for Epstein-Barr virus, HHV-6, HHV-7, herpes simplex virus type 1, herpes simplex virus type 2, varicellazoster virus, and cytomegalovirus were performed. Like the parental cell line, PD-1 and PD-2 cultures were negative for all of these viruses (data not shown).
Origin of KV-1. LNA has molecular polymorphism due to sequence variations in its internal repeat domain, defining a stable but unique genotype, named KVNAtype, for an individual KSHV isolate (25) . To confirm that KV-1 was originated from BCBL-1 KSHV, KVNAtype analysis was carried out for PD-1 and PD-2 cells. The same BCBL-1 KVNAtype was identified in both PD-1 and PD-2 cells (Fig. 2D) , confirming the BCBL-1 origin of the variant.
To further characterize and determine the origin of KV-1, a PD-1 culture was subcloned by limiting serial dilution. A PD-1 culture was chosen because of the dynamic transition of KSHV genomic population in this culture, which contained both the regular KSHV and KV-1 genomes, thus providing clues for the origin of the variant. Of a total of 38 resulting monoclonal PD-1 cell cultures, 28 had no detectable KS330 signal but had LNA and vIRF signals equal to 16 to 102% of those found in BCBL-1 cells by dot blot hybridization (Fig. 2E) . The remaining 10 cultures had KS330 signals (3 to 49% of BCBL-1 cells) in addition to LNA and vIRF signals (18 to 105% of BCBL-1 cells) (Fig. 2E) . The absence of KS330 signal in 28 PD-1 clones was further confirmed by PCR analysis (data not shown). Therefore, as we expected, two cell types were present in PD-1 culture: cells harboring only KV-1 genomes and cells harboring both regular KSHV and KV-1 genomes, suggesting that the variant had originated from a single viral genome. (Fig. 3A) , confirming the presence of regular KSHV genomes in these clones. In contrast, all KS330-negative clones (C12 and C29) were negative for Orfs from nucleotide position 1 (K1) to 81,967 (Orf56) and positive for Orfs or genomic regions from nucleotide position 82,717 (Orf57) to 140,500 (RHS) and terminal repeat (TR) sequences (Fig. 3A) , indicating the presence of a single KSHV variant in PD-1 cell culture. To identify the deletion junction, a PCR assay was designed to amplify sequences from TR to vIRF (TR-vIRF). As expected, a PCR product of 2.1-to 2.2-kb was obtained from all clones (Fig.  3A) . No TR-vIRF product was obtained for BC-1 and BCBL-1 cell lines since they do not harbor KV-1. Sequencing of the TR-vIRF product identified the junction point to be 288 bp inside the first TR unit and 82,094 bp inside the long unique coding region (LUR) (Fig. 4) . Hence, KV-1 genome has an LUR of ϳ58.5-kb, whereas the remaining 82-kb genome has been deleted.
To further confirm the genomic deletion, a cosmid library was constructed from C29 cells harboring only KV-1 genomes. Of 10 6 colonies screened with mixed probes from nucleotide positions 1 to 82094, no positive clone was identified. In contrast, 42 of 2 ϫ 10 5 colonies were found to be positive by using either vIRF or RHS as probes. Six of the clones with insert sizes ranging from 8 to 46 kb were isolated. One of these clones with a 46-kb insert was positive for sequences from Orf57 to LNA, as well as TR sequences, but negative for sequences from K14 to RHS by hybridization and PCR assays, whereas another clone with an 8-kb insert contained part of the RHS sequence and ca. 6.3 kb of the TR sequence. These results were consistent with those obtained by PCR mapping and suggested that KV-1 retained a large proportion of TR region. Preliminary physical mapping of these clones indicated that the genetic organization in KV-1 genome was identical to the same region of the regular BCBL-1 KSHV genome.
To determine the length of TR region, we performed Southern blot hybridization with C12 harboring only KV-1 genomes and C2 harboring both KV-1 and regular KSHV genomes by using TR probe (Fig. 3B ). When digested with BamHI and SacI that do not cleave TR, both C12 and C2 produced a single band of ϳ21 kb, which was similar to that of the BCBL-1 cell line. A 0.8-kb band was identified for all of the cell lines digested with NotI that cleaved once in each TR. From these results, we concluded that KV-1 retained the original BCBL-1 KSHV TR structure and almost the entire length of TR region. Figure 3C and D show the genomic map for regular KSHV and a putative genomic map for KV-1.
KV-1-like variants are present in KSHV-infected cell lines and KS tumors.
The identification of KV-1 junction makes it possible to design a specific assay for the diagnostic detection of KV-1. A sensitive junction-PCR assay with primers designed from the identified deletion junction sequences was developed and used to directly detect the prevalence of KV-1 in KSHVinfected cell lines and KS tumors. Amplification of a 271-bp band indicates the presence of KV-1 genomes. When cultures of the same five KSHV cell lines were reexamined, an additional BC-2 culture produced a band with a size similar to that of C12 (Fig. 5) . Sequence determination indicated that the BC-2 variant had the same junction point as KV-1 had (Fig. 4) . However, examination of earlier-passage BC-2 cells failed to detect the deletion junction, suggesting that, similar to PD-1, the BC-2 variant was newly derived in the culture.
When the 18 KS tumors were reexamined, one of them tumor 17, which also had differential signals in the original screening, generated a band of ϳ150 bp, whereas all of the other specimens were consistently negative (Fig. 5) . Sequencing of the 150-bp band identified a KSHV variant similar to KV-1 but with a new junction point at 409 bp inside the first TR unit and 82,094 bp inside the LUR (Fig. 4) .
KV-1 maintains efficient latent infection but is defective in lytic replication. The fact that PD-2 was maintained for 14 months with stable LNA and vIRF signals strongly indicated that KV-1 maintained stable latent infection. Examination of KV-1 genome revealed that all of the deleted KSHV genes are exclusively lytic genes, whereas all of the known latent genes are preserved (Fig. 3D) . To further examine KSHV replication, cells were stained for the expression of mCP (Orf65) to detect lytic replication and for the expression of LNA to detect latent replication. PD-1 and PD-2 cells were compared to parental BCBL-1 cells harboring a replication-competent KSHV (56) that constantly underwent spontaneous lytic replication in a small proportion of cells (25) . All cells from three cell lines were LNA positive and showed a typical speckle nuclear staining pattern (Fig. 6A, E, and I ), confirming that, like BCBL-1 cells, PD-1 and PD-2 cells maintained efficient latent replication. A total of 4.410% Ϯ 0.790% of the BCBL-1 cells stained mCP positive, whereas only 0.013% Ϯ 0.025% of PD-1 cells showed mCP-positive staining (P ϭ 0.009), and no mCP-positive staining was detected in PD-2 cells (P ϭ 0.009) (Fig. 5C, G, and K) . We further determined whether KV-1 could be induced into lytic replication in PD-1 and PD-2 cell cultures by TPA, a phorbol ester previously shown to induce KSHV into lytic replication in BCBL-1 cell line (56) . KSHV genomic signals in BCBL-1 cells were increased 1.815 Ϯ 0.1615 (P ϭ 0.006)-and 1.913 Ϯ 0.204 (P ϭ 0.022)-fold after TPA induction, as assayed by dot blot hybridization with vIRF and LNA probes, respectively (Fig. 6M) . In parallel, the percentage of mCP-positive BCBL-1 cells was increased to 15.903% Ϯ 2.632% after TPA treatment (P ϭ 0.00009) (Fig. 6D) , confirming the induction of lytic replication. In contrast, only a minor increase of mCP-positive cells (0.063% Ϯ 0.075%) for PD-1 culture (P ϭ 0.182), and no positive cells for PD-2 culture were observed after TPA induction (Fig. 6H and L) . Accordingly, no genomic induction was observed for PD-1 and PD-2 cells after TPA induction (Fig. 6M) . These results confirm that KV-1 is lytic replication defective.
KV-1 had more aggressive malignant phenotypes. We further determined the phenotypic alterations of KV-1. Since lytic replication, which could lead to cell deaths, was constantly detected in some BCBL-1 cells but not in PD-2 cells and rarely in PD-1 cells (Fig. 6C, G, and K) , cell cycle progression and apoptosis were examined. PD-1 and PD-2 cells had only slightly more cells in the G 0 /G 1 and S phases and slightly fewer cells in the G 2 /M phases than BCBL-1 cells (39.5 and 40.3% versus 37.4% for G 0 /G 1 phase, 45.4 and 44.4% versus 43.9% for S phase, and 15 and 15.4% versus 18.8% for G 2 /M phase); however, they had much fewer cells (3.9 and 2.3%) undergoing apoptosis than BCBL-1 cells (15.6%) (Fig. 7A) . The apoptotic rates in PD-1 and PD-2 cells were similar to that found in the negative control HL60 cells (2.7% [data not shown]). Since most BCBL-1 apoptotic cells were in G 0 /G 1 phase, the PD-1 and PD-2 cells appeared to resist G 0 /G 1 cell arrest and apo- ϫ10, ϫ10, and ϫ4, respectively) , showing that PD-1 and PD-2 colonies had higher growth rates than BCBL-1 colonies. The same colonies were documented on days 6 and 12 to facilitate comparison.
ptosis. Indeed, PD-2 had the highest cell proliferation rate and reached late log phase the earliest, followed by PD-1 and then the parental cell line (Fig. 7B) . The cell doubling times of PD-1 and PD-2 cells were 2.09 Ϯ 0.18 (P ϭ 0.004)-and 3.34 Ϯ 0.17 (P ϭ 0.0009)-fold shorter than that of BCBL-1 cells in optimal condition.
KSHV-infected cell lines are transformed as defined by their anchorage-independent growth (11). To determine whether PD-1 and PD-2 cells retained the transforming property, soft agar assays were performed. Compared to BCBL-1 cells (7.3% Ϯ 0.6%), PD-1 and PD-2 cells had higher colony-forming efficiencies in soft agar (15.9% Ϯ 1.5% [P ϭ 0.004] and 19% Ϯ 1.9% [P ϭ 0.012], respectively). PD-1 and PD-2 cell colonies also grew faster than BCBL-1 cell colonies (Fig. 7C) . Together, these results indicate that PD-1 and PD-2 had enhanced malignant phenotypes.
KV-1 can be packaged as infectious virions with regular virus as a helper. Because KV-1 is defective in lytic replication, it is unlikely that the variant itself could produce infectious virions. However, since the packaging signals in TR region are preserved (Fig. 3D) , KV-1 can potentially be packaged into virions by using regular KSHV as helper viruses. To determine whether KV-1 can be packaged as virions, we used TPA to induce PD-1 and C10 clone, both of which contain both KV-1 and regular KSHV. BCBL-1 and PD-2 cells were used as controls. Supernatants were then subjected to differential centrifugation to isolate virions. Virion preparations were further treated with pronase and DNase to destroy any viral capsids and physically associated DNA, respectively. Virion DNA was then extracted and subjected to PCR amplification (Fig. 8A) . MCP signals were detected in virion preparations from BCBL-1, C10, and PD-1 cells, indicating the presence of regular KSHV virions in the supernatants of induced cells. No MCP signal was detected in virion preparations from PD-2 and P3HR-1 cells. As expected, junction-PCR detected specific signals in virion preparations from C10 and PD-1 cells but not in virion preparations from BCBL-1 cells, which only harbored regular KSHV, or from PD-2 cells, which only harbored KV-1.
To further determine whether KV-1 virions were infectious, we used a virion preparation from C10 cells to infect 293 cells. The KV-1-infected 293 cells were then maintained for four passages over a period of 12 days, and its total DNA was extracted and subjected to PCR amplification. Both regular KSHV (MCP-PCR) and KV-1 (junction-PCR) were detected in 293 cells infected with KV-1 virions (Fig. 8B) . In a parallel experiment, 293 cells infected with virus preparation from BCBL-1 cells were only positive for MCP-PCR but not junction-PCR (data not shown). From these results, we concluded that KV-1 was only packaged as infectious virions in cells containing both KV-1 and regular KSHV.
DISCUSSION
Using DGS methods, we have shown that defective KSHV is present in 3 of 18 KS tumors, including one with a KV-1-like variant, and in 2 of 5 cultures of KSHV-infected cell lines. Early studies for detecting KSHV sequences in KS tumors with limited sets of primers, such as KS330, usually had only 70 to 95% positive rates. Although the failure to reach 100% detection rate was often attributed to low-quality of DNA, particularly those from paraffin-embedded specimens, the presence of defective KSHV could also be accounted for such outcomes. Further examination by multiple PCR-, hybridization-, or microarray-DGS methods should reveal more defective KSHV in KS tumors, including those that have a mixture of regular and defective KSHV. Identification of additional KSHV variants could in return facilitate the development of specific assays for the detection of these variants in clinical specimens.
Since the establishment of stable KSHV-positive cell culture directly from KS lesions is not feasible (37), we have not been able to directly characterize defective KSHV in KS tumors. Nevertheless, we have isolated and characterized a lytic replication-defective KSHV, KV-1, from KSHV-infected cultures. PD-2 and PD-1 cells harboring KV-1 had no and weak viral lytic replication, respectively, which was consistent with deletion of lytic genes in KV-1 genome. In contrast, both PD-1 and PD-2 cells maintained efficient latent replication. Although viral genome copies in PD-1 and PD-2 cells were lower than in parental BCBL-1 cells, PD-2 cells maintained stable KV-1 genome copies months after the initial isolation. A similar observation was made for KV-1-positive PD-1-derived monoclonal cell cultures. Furthermore, PD-1 and PD-2 cells maintained efficient LNA protein expression at levels similar to that of BCBL-1 cells. These results indicate that KV-1 maintains stable episomal persistence, which are consistent with observations by others that LNA and TR sequence are the sole elements needed for stable maintenance and replication of KSHV episomes (5) .
Compared to parental cell line BCBL-1, PD-1 and PD-2 had higher cell proliferation rates and enhanced transforming potentials. PD-1 and PD-2 cells also had lower apoptotic rates Results from the characterizations of KV-1 have also shed light on the role of lytic replication in KSHV-induced malignancies. The deleted region contains exclusively lytic genes, many of which, such as K1, vIL-6, vMIP-I, vMIP-II, and vBcl-2, are capable of regulating cellular signaling pathways involved in cell cycle progression and apoptosis (47) . It has been postulated that lytically infected cells and the expression of these regulatory genes are important in sustaining KS tumors by constantly recruiting new cells for subsequent transformation, directly or through a paracrine mechanism (46, 47) . Our data suggest that KSHV lytic replication and lytic genes are not essential for sustaining cell growth in PD-1 and PD-2 cells. As discussed above, defective lytic replication was likely the reason why PD-1 and PD-2 cells could escape apoptosis, leading to higher cell proliferation rates than BCBL-1 cells.
Although defective lytic replication of herpesviruses is a disadvantage for viral spread and propagation, viral transmission could potentially be achieved through aggressive cellular proliferation and blood circulation of virus-infected cells within the host, as well as mucosal contacts of the infected subject with a new subject. In fact, a recent study has elegantly demonstrated donor cell transmission in posttransplant KS patients (6) . Such a scenario could also occur in other modes of KSHV transmission. Defective viruses could also maturate with coexisting regular viruses as helpers and spread and infect new cells or hosts. Indeed, cells harboring both KV-1 and regular KSHV (PD-1 and C10) can be induced to produce infectious KV-1 virions (Fig. 8) .
Although the latency of herpesviruses is primarily controlled at the gene expression level (60, 66) , our results suggest that genetic alterations such as genomic deletions and mutations of lytic cycle genes could potentially lead to defective lytic replication and render the viruses undergoing permanent latent replication. We proposed genomic alterations as an alternative mechanism that controls latency in herpesviruses. As demonstrated with KV-1, lytic replication-defective viruses have an advantage for cell proliferation and episomal propagation. The detection of a KV-1-like variant in BC-2 culture suggests that defective KSHV could be present in other cell lines. In fact, long-term culture of KSHV-infected cell lines leads to their reduction of inducibility for lytic replication (unpublished results). Since KSHV-infected cell lines, including BCBL-1, were clonal, as demonstrated by analysis of immunoglobulin heavychain rearrangements and restriction enzyme pattern of KSHV TR region (2, 11, 14, 61) , these cell lines were likely originated from clonal viral infection, suggesting that the genetic alterations of viral genomes such as those identified in BCBL-1 and BC-2 cultures occurred after initial viral infection. Genomic mapping also showed that there was only one KSHV variant in PD-1 and PD-2 cells, suggesting that KV-1 originated from a single viral genome and was subsequently propagated and segregated to progeny cells. This conclusion was further supported by the isolation of PD-1 monoclonal cell lines harboring only KV-1 genomes, as well as monoclonal cell lines harboring both KV-1 and the regular BCBL-1 KSHV genomes. Since cells harboring KV-1 genomes had a growth advantage, it is expected that they would outgrow cells harboring regular KSHV genomes.
The detection of KV-1-like variants in a BC-2 culture and one KS lesion suggest that the KV-1 junction sequences are likely "hotspots" for generating genomic deletion and lytic replication-defective viruses. KSHV TR region contains highly repetitive sequences with high GC content, which could render the region prone to recombination. On the other hand, analysis of the junction sequence from KSHV LUR failed to identify any specific features that could render it vulnerable to genetic alterations. Nevertheless, if "hotspots" are indeed present in the KSHV genome, they are more likely to undergo genetic alterations to generate defective viruses, which can then control KSHV latent infection. In this scenario, the regulation of KSHV latent infection is operated at the genomic level and should have the same effect as those operated at the gene expression level.
